To define the mechanism of doxorubicin cardiotoxicity, the effects of doxorubicin and caffeine were examined on calcium release channels from cardiac sarcoplasmic reticulum. We found that calcium release from cardiac sarcoplasmic reticulum vesicles was induced by both compounds. When sarcoplasmic reticulum vesicles were incorporated into planar lipid bilayers, calcium-permeable channels were observed. Addition of caffeine (2.5-10 mM) increased channel open probability from less than 0.1% to 40%, and this effect persisted for a mean of 44 minutes. In contrast, doxorubicin (2.5-10 ,uM) had a biphasic effect; initially, doxorubicin activated the channel, whereas after a mean of 8 minutes, the channel became irreversibly inhibited. Although the degree of channel activation by doxorubicin was concentration dependent, the time needed to inactivate the channel was concentration independent. Pretreatment with dithiothreitol (0.2 mM) prevented doxorubicin-induced channel inactivation, and channel activity persisted for an average of 58 minutes. Dithiothreitol alone did not alter channel open probability. Our results support the hypotheses that 1) the integrity of sulfhydryl groups is important for some aspects of calcium release channel function and 2) activation and inactivation of the channel are separable processes.
C alcium stored in the sarcoplasmic reticulum (SR) of cardiac or skeletal muscle is mobilized to initiate a contraction by activating ion channels called calcium release channels. These channels, which are concentrated in the T tubule/SR junction of skeletal muscle,1-3 can be purifiedl,3 and reconstituted. 3 In addition, the channel protein has recently been cloned. 4 Comparisons of biochemical and molecular properties of the channels from cardiac and skeletal muscle have shown that these channels are similar.5-7 However, the physiological trigger for opening the channel appears to be different in the two types of striated muscle,8'9 and differences in some of the functional properties of the channels from the two types of muscle have been described (compare Smith et To show that caffeine-and doxorubicin-induced calcium release from SR vesicles was channel-mediated, SR vesicles from cardiac muscle were incorporated into planar lipid bilayers and channel currents were recorded. Channel activity in the presence of 0.1 ,uM free calcium is shown in Figure 2 In no case did the addition of these compounds fail to activate a channel, and in some cases, especially with caffeine, two or three channels became active. The responses of the channels to caffeine and doxorubicin were similar, and the single-channel conductance of the channel was the same after activation of the channel with calcium, caffeine, or doxorubicin (Figure 3) . The current-voltage relations of the singlechannel currents, plotted for all three activating agents, yielded similar slopes, which determine the single-channel conductance. The slope conductance (at 0 mV) was 100 pS for all three agents.
Caffeine-Induced Opening of Calcium Release Channels Is Maintained
Addition of caffeine to the cytoplasmic side of the channel increased channel activity, and in eight of 15 experiments, caffeine opened more than one channel. In the control period of the experiment ( Figure  4, Figure 5 , in which the degree of activation varied between 18% and 82%.
The duration of activation was similar after addition of either 2.5 or 5 mM caffeine ( Figure 5 ). In 10 experiments in which caffeine was the activator, the channels were active for a period greater than 15 minutes (16- Addition of doxorubicin to the cytoplasmic side of the channel increased activity, and over the concentration range studied (1-10 MM), usually only one channel was activated. In the control period, the channel open probability was less than 0.1% ( Figure  4 , upper right panel, top plot). Only a 2-minute control segment is shown, but this behavior was maintained for 10 minutes, after which doxorubicin was added. In the second plot, 2.5 ,M doxorubicin was added at the beginning of the segment shown. The third and fourth plots show that channel activity was virtually absent 10 and 20 minutes after doxorubicin addition. Addition of caffeine or calcium to the chamber after channel inactivation did not reopen the channel.
Although there was some variation in the absolute magnitude of channel activation, we found that activation, but not the rate of inactivation, appeared to depend on the concentration of doxorubicin ( Figure  6 ). In all 23 experiments in which doxorubicin was added to the chamber, there was an initial activation of the channel similar to that shown in Figure 4 , upper right panel. After To determine whether the oxidation of sulfhydryl groups is involved in the activation and/or inactivation of channels stimulated with doxorubicin, we added DTT before the addition of doxorubicin. Addition of 0.1-0.3 mM DYT alone to the cis side of the membrane had no effect on channel activity ( Figure  4 , lower left panel). After 5 minutes, subsequent addition of doxorubicin to the cis chamber increased the open probability from less than 0.1% to more than 50%, an effect similar to the initial response to doxorubicin alone (Figure 4 , upper right panel).
However, in the presence of DYT, the channel remained active during prolonged exposure to doxorubicin. Channel closures did not become aberrant, and the membrane did not become leaky. Channel activity persisted for a mean of 58 minutes (15-120 minutes), with some of the experiments persisting for 2 hours before termination.
Discussion
In this paper we have evaluated the effects of caffeine and doxorubicin on the properties of the calcium release channel from cardiac SR. We found that, while both compounds activate the channel, the response of the channel to prolonged exposure to the compounds differed. After caffeine opened the channel, the channel remained active as long as caffeine was present. In contrast, after doxorubicin opened the channel, the channel became irreversibly inhibited after prolonged exposure to this compound. Doxorubicin-induced inactivation could be prevented by pretreating the channel with DTT, an agent that maintains sulfhydryl groups in the reduced form. DTT, when added alone, had no effect on channel activation. A similar lack of effect of DTT on anthraquinone activation of calcium release from SR vesicles from skeletal muscle has been reported previously.'5 These results suggest that the activation of the calcium release channel by doxorubicin is regulated by a different biochemical process than the inhibition by doxorubicin.
Caffeine has been shown to activate calcium release channels from SR vesicles prepared from skeletal and cardiac muscle in vesicle release assays. [24] [25] [26] [27] Caffeine also has been shown to open channels from SR vesicle made from skeletal and cardiac muscle that had been incorporated into planar lipid bilayers.628 In this series of experiments, we used channels from cardiac muscle SR and found that caffeine induced a dramatic increase in channel activity, often opening several channels in the bilayer, and that this activity would persist in the continued The delayed effects of doxorubicin to inhibit channel opening observed in this report may be related to the cardiomyopathy observed after long-term administration of doxorubicin. Damage to cardiac muscle by doxorubicin is irreversible, and once clinically evident heart failure occurs, changes in the cardiac muscle and clinical deterioration are irreversible.14"16"17 This observation is reminiscent of our inability to reverse the doxorubicin-induced inhibition of the calcium release channel (Figure 4, upper right panel) .
The long-term, cumulative cardiotoxic effects of doxorubicin have been proposed to be related to the formation of free radicals, which can lead to peroxidation of membrane phospholipids and subsequently can alter membrane permeability or channel function.30'31 Another proposal is that doxorubicin interacts with critical thiol groups associated with the channel complex16'30-32 that alter channel function. These hypotheses are supported by the present findings that DPI, a reducing agent, when added before the administration of doxorubicin, preserved channel activity after doxorubicin addition (Figure 7 ). Although doxorubicin is a natural photoafinity label, it is unlikely that our results could be explained by light-dependent cross-linking of doxorubicin to the membrane proteins, despite the fact that our experiments were done under room lights. To obtain cross-linking of doxorubicin to SR proteins, 5-minute exposure to a high-intensity ultraviolet light (7, 000 ,LW/cm2) is used," whereas we observed complete inhibition of channel activity in 8 minutes under room lights (>200 times less intense in the ultraviolet range).
In summary, we have shown that both caffeine and doxorubicin can activate the calcium release channel from cardiac SR but that doxorubicin induced inhibition of the channel after prolonged exposure. Doxorubicin-induced inactivation of the channel was prevented by pretreating the system with DPI?. These experiments show that activation and inactivation of the calcium release channel can be separated, suggesting that different biochemical mechanisms are involved in the two responses to doxorubicin addition. These experiments also show that the biphasic effects of doxorubicin on the calcium release channel can be related to the observed cardiotoxicity.
